ABSTRACT Lithium battery is promising to power AGV vehicle. Given the inaccuracy of the state-ofcharge (SOC) estimation, a partnership for a new generation of vehicle (PNGV) battery model is established, and an open-circuit voltage method is proposed in this paper. The model's parameters in different SOC state are calculated through the lithium battery's charge and discharge process; the internal resistance correction method and Kalman filter method are proposed separately on the basis of PNGV model. On that basis, the two methods are simulated and experimented to attain the open-circuit voltage and battery SOC. As indicated from the experimental results, the PNGV model is precise and able to describe the characterizations of battery in the discharge process. The accumulated error and inaccurate estimation of the initial value by the amperehour (or current integration) approach can be avoided through adopting the SOC estimations effectively. Additionally, the estimated SOC can be maintained highly accurate.
I. INTRODUCTION
Lithium battery counts as an energy source of critical significance, and it takes on numerous advantages. The single voltage of the battery reaches 3.7V or 3.2V, taking on high storage energy density; Lithium batteries are lightweight and long in battery life. The system of transportation vehicles (abbreviated as AGV) turns out to be one among the largest branches in the automation equipment. Accordingly, lithium battery has been progressively adopted in recent years as the power source as shown in Fig. 1 . In the area of lithium battery, incorporated optimization of battery sizing, charging, and power management in plug-in hybrid electric vehicles (abbreviated as PHEV) also arouses wide concern, and PHEV can possibly drop the dependence on fossil fuel while realizing synergies between vehicles and the electric grid [3] . PHEV charging schedule designs have been examined by researchers for objectives inclusive of load following/ stabilization [4] , increased grid network efficiency, and battery health [5] . AGV vehicle's lithium battery encompass hundreds of cells, and the battery takes on high frequency in both charge and discharge; In this regard, a precise real-time estimation of SOC is required to evaluate the range of residual capacity taken on by the battery. Accurate prediction for SOC and SOH can effectively and efficiently harness the energy and prevent the battery from over-charge and over-discharge, which can also prolong the service life of battery [6] - [8] .
Researchers have developed various models and algorithms for the battery system as motivated to predict the SOC accurately. The davidon equivalent circuit model was presented by Hansen and Wang [9] . The thevin equivalent circuit model was designed by Liu et al. [10] . Several lumped models were proposed by Plett, inclusive of the simple, zero-hysteresis, one-state hysteresis, and enhanced self-correcting (abbreviated as ESC) models [11] . The resistance-capacitance (RC) network was studied by Lee et al. [12] on the basis of the equivalent circuit models, inclusive of the first-order RC, second-order RC and third-order RC models. When it comes to the algorithms, the Kalman filtering method is adopted by Plett [13] to evaluate SOC. The extended method of Kalman filtering is also employed ([14] - [16] ). Ampere-hour (AH) method is commonly adopted ( [17] - [21] ). The algorithm based on neural networks is presented by Kim J, the method of sliding-mode observer is designed by Xiong-R, and fuzzy logic algorithm is presented by H. Chaoui [22] - [33] . Furthermore, multi-time-scale observer design methods are proposed by some scholars. Two EKFs were adopted by Zou et al. [34] with different time scales to effectuate the incorporated SOC/SOH monitoring: one observer is adopted to estimate SOC; the other is adopted to update the SOH; A multitime-model switching SOC estimation method is proposed by Wang et al. [35] for Lithium batteries, and four battery models are employed respectively to establish a system for estimating close-loop SOC; On the basis of a boundary-layer model and a reduced model, a multi-time-scale estimation algorithm is proposed by Zou et al. [36] for nonlinear systems with fast and slow dynamics coupled. Given that battery's overheating tends to decrease cycle life of battery, the thermal issues of lithium batteries have aroused extensive attention. A lumped electro-thermal model is adopted by Ye et al. [37] to predict the core temperature, as the spiral battery areas are assumed as the uniform electro-thermal properties. A dynamic electrothermal model is presented by Baghdadi et al. [38] on the basis of equivalent electric circuits with two RC circuits and a bidirectional structure [39] . A battery test platform is adopted by Mihet-Popa [40] to test charging/discharging to ultimately develop an accurate dynamic electro-thermal model of a high power lithium battery pack system. However, based on the current research background, the above models have not considered the parameters' change in the different SOC status, such as resistance, temperature and other parameters of lithium battery. And it is difficult to accurately describe the battery's performance with a perfect battery model [41] - [43] . Besides, the commonly used AH approach requires the integration of battery current, and the error in current detection leads to the integral error. In open circuit voltage method, it takes a long time to achieve a stable and reliable open voltage. Therefore, it is not suitable for real-time online SOC estimation. The neural network method requires a large number of experimental data to train the network online, and the quality of the selected training samples directly affects the accuracy of SOC estimation. Other algorithms are often complex and require extensive computational resources.
Our contribution is to further improve the accuracy of SOC estimation. PNGV (Partnership for a New Generation of Vehicles) model of the discharge process is established in this paper. Based on the PNGV model, the internal resistance correction method and Kalman filter method are used separately to evaluate the battery SOC. Finally, the effectiveness of the SOC methods is verified by the comparisons.
The rest of the paper is organized as followed. In Section II, the lithium battery's discharge process is analyzed and a PVGV equivalent circuit model is proposed. Then, the model's parameters are calculated by experiments. Based on the PNGV model, the internal resistance correction method and Kalman filter correction method are utilized separately in Section III. Related simulation results and comparison are also presented in Section III. Finally, in Section IV, the SOC estimation methods are verified.
II. THE BATTERY'S EQUIVALENT CIRCUIT MODEL A. PVGV EQUIVALENT CIRCUIT MODEL
The cell battery's type is FST 18650, and TABLE. 1 presents the cell battery's parameters. Fig.2 (a) presents the lithium battery's discharge process. At the preliminary stage of the discharge, the external voltage of lithium battery drops rapidly, which primarily arises from the ohmic resistance; As the lithium battery discharges continuously, external voltage of lithium battery drops down slowly continuously, which primarily arises from the polarized resistance and polarization capacitance. In the end of discharge, the ohmic internal resistance shall disappear, and the change shall result in the rapid rising of the external voltage; On that basis, the polarized resistance and polarization capacitance result in the continuous slight increase of the external voltage. The capacitance indicates the drop of the entire voltage in the discharge. In line with the process, the PNGV model is given in Fig.2 (b) . So the PNGV model has an accurate description of the lithium battery's discharge process. Fig.2 (b) lists the parameters' denotation in the PNGV battery model. It is of necessity and significance to get the parameters of model. The internal parameters can be obtained by the formula (1).
To reduce the SOC evaluation error in the entire charge and discharge, it is of great necessity to attain the ohmic resistance, polarization resistance, and polarization capacitance at different SOC stages. The measurement experiment for parameters: the battery is fully charged, and the pulsedischarge experiment is conducted at different SOC stages. The parameters are calculated and listed in 
B. DRAW THE VOLTAGE-SOC INTERPOLATION CURVE
The lithium battery is fully charged, and the electronic load is employed to fulfill constant discharge. On that basis, the current-integration method (ampere-hour method) is conducted in the entire course of discharge, and the discharge process with constant load ensures the current-integration error to be small, which is negligible. Fig.3 indicates the interpolation curve of lithium battery.
As the voltage rises slightly after the discharge in Fig.2 (a) , the single voltage record has a large deviation to predict the SOC by the curve in Fig.3 . In this regard, it is of great necessity to get an actual voltage in the entire discharge. Fig.4 presents the voltage interpolation error, and the actual curve in Fig.4 is attained by the incorporation of the electronic load's constant current. 
III. THE SOC ESTIMATION STRATEGY AND SIMULATION ANALYSIS A. THE INTERNAL RESISTANCE CORRECTION METHOD BASED ON PNGV MODEL
How the model's open circuit voltage (U OC ) and measured voltage (U L ) are related with each other is presented in formulas (2)-(4) on the basis of the PNGV model:
In formula (4), τ denotes the time constant. Following the foregoing formulas (2)- (4) simulation's process. The entire process comprises two parts: parameters calculation and voltage prediction.
The discharge data is required by the simulation of internal resistance correction method. In Fig.6 , the voltage (UL) and current (IL) are recorded in the actual discharge process. The temperature is assumed to be constant. And then the recorded data are inserted into the simulation's entrance.
Following the simulation results and the original amperehour integration method, the SOC accuracy is greatly improved by the internal resistance method, and the comparison is depicted in Fig.7 . The actual curve in Fig.7 is also obtained by the integration of the electronic load's constant current.
B. KALMAN FILTER CORRECTION METHOD BASED ON PNGV MODEL
Equation (5) is the system's state equation and measurement equation.
refers to the measured current at time K , U LK denotes the measured voltage, and U OC indicates the voltage noise. In the light of the foregoing model, the following steps (}-) are conducted to do the Kalman filter calculation.
x Calculate the voltage of ohmic internal resistance and polarization resistance. (6) y Calculate the variance of resistance voltage.
z Calculate the Kalman gain of the voltage.
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| Calculate the actual variance of resistance voltage.
The actual data in the discharge process is also required by the simulation of the Kalman filter method. Fig.8 are the experimental data, and insert them into the Kalman filter algorithm. 
1) THE COURSE OF CALCULATION
First and foremost, calculate the initial SOC through the initial external voltage; Secondly, attain the parameters of the PNGV model by the recorded voltage and current data; Thirdly, calculate the voltage of resistance with Kalman filter algorithm; And eventually get the current SOC. Fig.9 presents the process.
In line with the calculated values at different moments, Fig.10 presents the effect of Kalman filter algorithm on the basis of the PNGV model, and Kalman filter algorithm has a better effect as presented by the contrasted results. The actual curve in Fig.10 is also obtained by the integration of the electronic load's constant current.
2) SUMMARY
The PNGV model is established through the discharge. In contrast with the original ampere-hour algorithm, the internal resistance correction method and Kalman filter algorithm are proposed. Both the algorithms can avoid the integration error and improve the SOC accuracy. The Kalman filter algorithm can improve the SOC accuracy better than the internal resistance correction method. 
IV. EXPERIMENTAL VERIFICATION
As the sufficient simulation tests have been conducted, many efforts have been exerted to conduct experiments to examine the accuracy of PNGV model and algorithms to estimate SOC.
A. VERIFICATION UNDER THE NORMAL LOAD
The course of experiment: the motor is driven by lithium battery, and the magnetic-powder load is controlled by the additional current signal. On the basis, the speed of motor is controlled by handle, and the hall sensor records data of the output current with a cycle of 0.1 S. Fig.12 (a) presents the load curve. In line with the collected data, the methods of the ampere-hour, the internal resistance correction, and the Kalman filter are employed respectively to calculate the SOC. Fig. 12 (b) exhibits the open circuit voltage (U OC ) calculated through adopting the internal resistance and the Kalman methods. Fig.12 (c) illustrates the SOC status calculated in line with the voltage interpolation curve. The circles in Fig.11 illustrate the large fluctuation stemmed from large current discharge. As verified by the experiments, the Kalman filter method takes on a better accuracy.
B. VERIFICATION UNDER THE EXTREME LOAD
As the normal load is experimented, it is of necessity to experiment the strike load to judge the effectiveness in extreme VOLUME 6, 2018 condition. The AGV vehicle is driven by lithium battery to strike the obstacle, and a peak current is produced by the battery in extreme condition as shown in Fig. 13 . Fig.14 (a) presents load curve with pulse character. In the light of the collected data, methods of the current integration, the internal resistance correction and the Kalman filter are adopted respectively to update the SOC status. Fig.14 (b) presents the open circuit voltage (U OC ) estimated through adopting the methods of internal resistance correction and the Kalman. The SOC is estimated through adopting the voltage interpolation method. The circles in Fig.14 represent the large fluctuation arising from peak current discharge. As indicated by the experiments, the PNGV model and algorithms take on high adaptability in the extreme condition, whereas the Kalman filter method takes on a better accuracy.
V. CONCLUSIONS
To make the SOC of lithium battery more accurate, a PNGV model is established to present the course of discharge. The parameters of model are well calculated in different SOC stages through pulse discharge experiments.
Two estimation methods are given on the basis of PNGV model. The internal resistance correction method is adopted to correct open circuit voltage, and the corrected voltage gives an accurate SOC estimation. Furthermore, the Kalman filter algorithm of PNGV model is given, and the open circuit voltage is better calculated by Kalman filter algorithm.
As verified by the experimental results, the PNGV model is more accurate to expound the course of discharge, and the SOC can be better estimated by the resistance corrected method and Kalman filter algorithm of model.
